Abstract Severe acute respiratory syndrome (SARS) is caused by a novel coronavirus (CoV), SARS-CoV. In previous studies, we showed that a SARS-CoV spike (S) glycoproteinbased modified vaccinia Ankara (MVA-S) vaccine could induce strong neutralizing antibody (Nab) response which might have played a critical role in protecting Chinese rhesus monkeys from the pathogenic viral challenge. To date, however, it remains unknown what the minimal level of Nab is required to achieve sterile immunity in humans. It is therefore important to explore techniques to maximize the level of Nab response in vivo. Here, we evaluate various vaccination regimens using combinations of DNA-S, MVA-S, and adenovirus type 5 (Ad5-S) vaccines. We show that in vaccinated mice and rabbits, a heterologous MVA-S prime with Ad5-S boost regimen induces the highest and most persistent level of Nab response when compared with other combinations. Interestingly, the initial level of Nab after prime does not necessarily predict the magnitude of the secondary response after the boost. Thus, our data provides a promising optimal regimen for vaccine development in humans against SARS-CoV infection.
Introduction
Shortly after the 2003 epidemic, the etiological agent for severe acute respiratory syndrome (SARS) was determined to be SARS coronavirus (SARS-CoV; Drosten et al. 2003; Ksiazek et al. 2003; Kuiken et al. 2003; Peiris et al. 2003) . Similar to other viruses in the Coronaviridae family, SARS-CoV is characterized by its crown-like outer shell comprised primarily of spike (S) glycoproteins, which mediate viral entry by interacting with the host cellular ACE2 receptor (Li et al. , 2005 . We, along with other groups, previously showed that high titers of neutralizing antibodies (Nabs) are primarily directed toward the receptor-binding domain (RBD) of the S protein He et al. 2005; Yi et al. 2005) . Thus, the S protein and its RBD serve as a major viral target for vaccine design Chen et al. 2005; Yang et al. 2004) .
Multiple forms of SARS vaccines including DNA-S, MVA-S, and Ad5-S have been independently proven to be effective in protecting animals from pathogenic SARS-CoV challenge (Bisht et al. 2004 (Bisht et al. , 2005 Gao et al. 2003; Yang et al. 2004 ). The success of these studies has resulted in a minimal need for the development of a prime-boost regimen against SARS. To date, however, it remains unknown what the minimal level of Nabs is required to achieve sterile immunity in humans. There are recent evidences that a better protection may require sufficient amount of specific Nabs (Deming et al. 2006; Liu et al. 2007) . It is therefore critical to explore techniques to maximize the level of Nab response in vivo. Here, we evaluate prime-boost strategies using various combinations of DNA-S, MVA-S, and Ad5-S to determine which regimen induces the highest and most persistent level of Nab response. We aim to identify an optimal vaccine regimen not only for preventing SARS-CoV infection but also for combating other tough viruses including the human immunodeficiency virus type one (HIV-1).
Materials and methods

DNA-S and MVA-S constructions
The S gene was originally obtained from SARS-CoV HKU39849, an isolate from Hong Kong (GenBank accession number AY278491; Zeng et al. 2003) . Based on the viral genome sequence, we constructed a codon-optimized fulllength S gene using synthetic overlapping oligonucleotides (Zhang et al. 2006) . The optimized S gene was then cloned into a eukaryotic expression vector pcDNA3.1 under the control of a cytomegalovirus (CMV) promoter (pcDNA3.1-OPT9; Invitrogen, Carlsbad, CA). The pcDNA3.1-OPT9 was used as the DNA-S vaccine. The construction of MVA-S has been previously described ).
Ad5-S construction
The full-length, codon-optimized SARS S gene was inserted into a recombinant adenovirus-5 vector using BD Adeno-X Expression Systems 2 (BD Biosciences, Palo Alto, CA). Briefly, the full-length S gene from pcDNA3. 1-OPT9 was cloned into the pDNR-CMV donor vector and recombined with pLP-Adeno-X-CMV. Pac I-digested recombinant adenoviral vector was transfected into HEK-293 (ATCC, CRL-1573), and supernatant was collected 3-4 days posttransfection. This supernatant was used to infect a large culture of HEK-293 cells for large-scale production. Recombinant adenovirus (Ad5-S) was purified using two successive CsCl gradient (first: d=1.25 g/ml and d=1.4 g/ml; second: d=1.34 g/ml) centrifugation spins at 35,000 rpm at 18°C. Concentrated Ad5-S was dialyzed in phosphate buffered saline (PBS) and stored with glycerol at −150°C.
Animal immunizations
Six-to eight-week-old female BALB/c mice (Charles River Laboratories) were immunized by intramuscular (i.m.) injection of DNA-S, MVA-S, or Ad5-S. The dose of each vaccine was 200 μg of DNA-S (in 200-μl saline), 5×10 7 50% tissue culture infective dose (TCID 50 ) of MVA-S or 5×10 7 TCID 50 of Ad5-S. We collected blood samples 2 weeks after the first immunization. Four weeks after the prime, we boosted several groups of primed mice (three mice per group) with DNA-S, MVA-S, or Ad5-S according to various regimens. The mice were killed, and their blood samples were used for analysis 2 weeks after the second immunization. New Zealand white rabbits (Charles River Laboratories) were immunized by i.m. injection of MVA-S or Ad5-S. Three rabbits were immunized with 5×10 8 TCID 50 of MVA-S, and another six were immunized with 5×10 8 TCID 50 of Ad5-S on day 0. Four weeks later, Three MVA-S-primed animals were boosted with the same dose of Ad5-S, whereas the rest received MVA-S. Blood samples were collected 3 weeks after the first immunization and 2, 6, 9, and 16 weeks after the second immunization. All animal experiments were approved by and conducted in the Laboratory Animal Research Center at The Rockefeller University.
Neutralization assay
A pseudovirus-based neutralization assay was established to determine the humoral immune responses against SARSCoV . Briefly, the neutralizing activity of heat-inactivated sera (56°C, 30 min) was determined by mixing 10 ng of pseudovirus (in 30 μl) with diluted serum (in 30 μl) at 37°C for 1 h. The SARS-pseudovirus was generated by cotransfecting 293 T cells with two plasmids pcDNA3.1-OPT9 and pNL4-3Luc + Env − Vpr − carrying the optimized S gene and a HIV-1 backbone, respectively. After neutralization, the mixture was combined with 16-ng polybrene (in 40-μl medium) and added to HEK293T-ACE2 (1,000 cells per well in 100 μl). Cells were washed with PBS and lysed (1× Cell Culture Lysis Reagent, Promega) 56-72 h after infection. Luciferase intensity was measured and the percentage of neutralization was calculated.
Results
DNA-S, MVA-S, and Ad5-S prime-boost immunizations in mice
To determine the Nab response to various prime-boost immunizations, we constructed separate DNA-S, MVA-S, and Ad5-S vaccines containing the full-length SARS-CoV S gene. We immunized three groups of BALB/c mice with either DNA-S (nine mice), MVA-S (six mice), or Ad5-S (six mice). Sera were collected 3 weeks after the first immunization, sequentially diluted (30-to 24,300-fold) and measured for the level of Nab activity against the SARSpseudovirus. As shown in Fig. 1 , priming with Ad5-S elicited the highest level of Nabs against SARS-pseudovirus. MVA-S induces about tenfold (IC 50 ) lower levels of Nabs than Ad5-S, with DNA-S being the lowest (Fig. 1) . Therefore, the live vector Ad5 may offer some advantages for inducing the highest level of Nab response after one immunization. Interestingly, this initial level of Nab after prime does not necessarily predict the magnitude of the secondary response after the boost. Four weeks after the first immunization, the mice were boosted with DNA-S (D), MVA-S (M), or Ad5-S (A). Sera were collected 2 weeks after the boost, sequentially diluted (200-to 145,800-fold), and measured for the level of Nab activity against the SARS-pseudovirus. The second immunization has boosted the Nab response in all groups. When we compared the regimen effects based on the IC 50 and IC 90 values, we found that a DNA-S prime, DNA-S boost (DD) regimen induced the lowest level of Nab activity (Fig. 2) . On the other hand, priming with MVA-S and boosting with Ad5-S (MA) produced the highest level of Nabs, which is over tenfold greater than the DD animals ( Fig. 2) . We detected relatively lower levels of Nabs in mice primed with MVA-S or DNA-S and boosted with MVA-S (MM, DM) than MA animals (Fig. 2) . Surprisingly, mice primed with Ad5-S and boosted with either Ad5-S or MVA-S (AA, AM) showed levels above the DD regimen, but below the rest (Fig. 2) . This finding indicates the importance of heterologous MVA-S prime and Ad5-S boost regimen for inducing the substantial level of Nab response. The use of this regimen also offers an advantage to overcome the problems related to vaccine-induced immune response against these live viral vectors.
MVA-S and Ad5-S prime-boost immunizations in rabbits
To determine whether our findings in mice can be reproduced in a different animal species, we primed nine New Zealand white rabbits with either Ad5-S (six rabbits) or MVA-S (three rabbits). Thirty days after the first immunization, we measured the presence of Nabs to SARS in each rabbit serum. Collected serum was sequentially diluted 600-to 437,400-fold and analyzed for neutralizing activity against the SARS-pseudovirus. In the six rabbits immunized with Ad5-S, we measured an average IC 50 of greater than a 54,000-fold serum dilution (Fig. 3) . We observed a significantly greater level of Nabs (15-fold) in rabbits immunized with Ad5-S than in rabbits immunized with MVA-S, which showed an average IC 50 of 3,600 (Fig. 3) . Therefore, similar to mice, we showed that, after one immunization, we can induce a greater antibody response using Ad5-S, rather than MVA-S, as a viral vector vaccine.
After measuring the Nab response to priming, we boosted the rabbits with either Ad5-S or MVA-S. Three of the rabbits primed with Ad5-S were boosted with MVA-S (AM), whereas the remaining three were boosted with another injection of Ad5-S (AA). The three rabbits primed with MVA-S were boosted with Ad5-S (MA). Two weeks after the second injection, we collected the serum samples, sequentially diluted (1,800-to 1,312,200-fold) and measured it for the level of Nab activity against the SARSpseudovirus. Rabbits primed with Ad5-S and boosted with either Ad5-S (AA) or MVA-S (AM) showed comparable levels of Nab activity (Fig. 4) . However, in rabbits primed with MVA-S and boosted with Ad5-S (MA), we observed a significantly higher level of Nab activity compared with AM and AA rabbits (Fig. 4) . MA rabbits had about five-to sevenfold higher Nab response in serum Nab IC 50 and IC 90 after heterologous boosting than the AA animals. In comparison to the boost effects found in both AM and AA rabbits, heterologous boosting with Ad5-S likely determines the extent of the secondary Nab response in MA animals.
Prolonged Nab activity in rabbits with MVA-S prime and Ad5-S boost immunizations
Over a prolonged time course, we continued to observe a greater Nab response in rabbits primed with MVA-S and boosted with Ad5-S. In addition to the measurements 2 weeks after boosting, we measured the Nab response 6, 9, and 16 weeks after boosting. Based on IC 50 extrapolations, we showed that the levels of Nab in MA rabbits remained significantly greater for as long as 4 months after the booster (Fig. 5) . In fact, the IC 50 levels that initially rose to a fourfold increase in MA rabbits over AA and AM rabbits 2 weeks after the boost remained two to three times greater over the extended measurements (Fig. 5) . The same can be observed with IC 90 serum Nab levels. AM rabbits only showed an average IC 90 increase of twofold 14 days after the boost, with levels dropping back to what we observed upon Ad5-S priming (Fig. 5) . AA rabbits failed to show an increase in IC 90 serum Nab levels after the prime. MA rabbits, on the other hand, showed a five-to sevenfold increase over AM and AA rabbit IC 90 Nab levels 2 weeks after the boost, with a sustained two-to threefold increase over 6, 9, and 16 weeks. Therefore, heterologous MVA-S prime and Ad5-S boost are shown to be the most immunogenic for eliciting a prolonged Nab immune response against SARS-CoV.
Discussion
With the emergence of the SARS epidemic in 2003, much attention has been focused on developing an effective vaccine to combat the threat of recurrence. Previously, we showed the promise of using the MVA-S to protect against a pathogenic SARS-CoV challenge in Chinese rhesus monkeys . Here, we studied various prime-boost regimens in both mice and rabbits to determine the optimal conditions required to induce the greatest, longlasting Nab response against SARS-CoV. Beginning with mice, priming with the nonreplication competent Ad5-S initiated the highest level of serum Nabs against the SARSCoV virus (Fig. 1) . Both DNA-S and MVA-S priming Fig. 4 Nab response in rabbits after the boost immunization with MVA-S or Ad5-S vaccines. The letters present different combination of vaccinations: AM for Ad5-S prime and MVA-S boost regimen; AA for Ad5-S prime and Ad5-S boost regimen; and MA for MVA-S prime and AD5-S boost regimen. Three rabbits as a group were tested for each regimen. The average values of each test group and the standard error bars are presented. This Nab experiment was repeated three times with consistent results obtained showed significantly lower levels of Nabs induced. This primary Nab response, however, did not predict the effectiveness of the priming. Boosting the Ad5-S-primed mice with either MVA-S or Ad5-S resulted in an increase in serum Nabs. Interestingly, this increased level of Nab response was significantly lower than that of the MVA-Sprimed, Ad5-S-boosted mice (Fig. 2) . This finding indicates the importance of heterologous MVA-S prime and Ad5-S boost regimen for inducing the substantial level of Nab response. The use of this regimen also offers an advantage to overcome the problems related to vaccine-induced immune response against these live viral vectors. Similar to our findings in mice, we observed significantly lower levels of Nabs in rabbits primed with MVA-S, compared to Ad5-S (Fig. 3) . Upon boosting Ad5-S-primed rabbits with either MVA-S or Ad5-S, the serum IC 50 Nab levels increased above twofold in Ad5-S-primed and MVA-S-boosted animals and less than twofold for Ad5-S-primed and Ad5-S-boosted animals 2 weeks after boosting. However, MVA-S-primed and Ad5-S-boosted rabbits reached a significantly higher serum Nab IC 50 titer 2 weeks after boosting. We suspect that homologous Ad5-S (or MVA-S) prime and boost failed to reach substantial levels, because a preexisting immunity from the priming probably results in expedited vector interference or clearance. As for the heterologous vaccination regimen, the underlined mechanism for why priming with MVA-S is superior to Ad5-S is of interest for further investigation. It is possible that MVA-S is much better than Ad5-S for priming the memory B cells, which are essential for boosting the potent Nab response. Moreover, a high level of Nab response generated by Ad5-S priming does not necessarily indicate a similar level of memory response is simultaneously induced.
Over 16 weeks of observation, we found a significantly higher level (two-to threefold serum IC 50 titer) of serum Nabs in MVA-S-primed and Ad5-S-boosted rabbits compared with animals that received other regimens. Furthermore, Nab measurements based on serum IC 90 titer show an even more apparent disparity. The Ad5-S-primed and Ad5-S-boosted rabbits showed little beneficial effects with a homologous boost, whereas the Ad5-S-primed and MVA-S-boosted rabbits showed a rapid twofold increase, with an IC 90 returning to levels observed just after priming. MVA-S-primed and Ad5-S-boosted rabbits, however, had a much greater IC 90 increase after heterologous boosting, with persistently two-to threefold higher levels 16 weeks later. Clearly, rabbits primed with MVA-S and boosted with Ad5-S show a substantial advantage over other immunization regimens tested in triggering a persistent vaccine-induced Nab response of high quality.
The quest to optimize vaccine vector delivery systems and prime-boost strategies is a subject often raised with HIV-1 vaccine design. Data generated in nonhuman primates has demonstrated that a DNA prime-MVA boost regimen was superior to either vaccines used alone for inducing high levels of protective cell-mediated response against pathogenic simian immunodeficiency virus (SIV) or human/simian immunodeficiency virus (SHIV; Amara et al. 2001; Horton et al. 2002) . This strategy has also been proven to be effective against influenza and malaria (Degano et al. 1999; McConkey et al. 2003) . Similarly, a DNA prime-Ad5 boost regimen also showed great efficacy in nonhuman primates against a SHIV challenge (Shiver et al. 2002) . To date, a few studies have evaluated the regimens using live viral vectors. Among them, boosting of an adenovirus-primed immune response with a MVA vaccine led to enhanced immunogenicity and substantial protective efficacy in mice against malaria and SHIV infection (Casimiro et al. 2004; Gilbert et al. 2002) . In fact, the MVA prime-adenovirus boost regimen scored second best in the study for inducing protective immunity (Gilbert et al. 2002) . Here, we demonstrate for the first time that the heterologous MVA-S prime and Ad5-S boost regimen offers great advantages for inducing Nabs against SARS-CoV. This finding is useful to study AIDS vaccine design because it is recognized that the cell-mediated response alone is not sufficient to achieve sterile immunity against HIV-1. It is of great interest to determine whether this regimen would improve the immunogenicity profile of some promising, yet weak HIV-1 immunogens aimed at inducing Nabs.
